Oxidation-reduction reactions play an important rSle in the metabolism of all living cells. Since such reactions are often brought about in the medium outside of the living cell, a consideration of the oxldation-reduction equilibrium in sterile culture bouillon has seemed desirable because of its possible significance for the reductions manifested by bacteria in culture.
preliminary work of the present investigation has shown the advantage of the electrometric method. Justification may be required for the use of this method in biological systems in which the essential reversibility of the reactions involved has not been established and in which the reacting substances have not been identified. The validity of the application is being established however by the work of recent investigators3 -6 The significance of electrode potentials for the state of reduction of a system has been discussed by Clark 7 and Conant s and need not be undertaken here.
Technic.
In the determination of reduction potentials in the present work attention has been limited, in order to simplify conditions, to bouillon prepared without the addition of carbohydrate. It was made in the usual way with meat-infusion. The pH was adjusted to 7.6 and stabilized by the addition of phosphate buffer to a final concentration of ~t/15, except in a few of the earlier experiments in which phosphate was not added. Sterilization was effected in an Arnold sterilizer, or in the autoclave at 10 lbs. for 10 minutes. In all of the later experiments the bouillon was autoclaved as described immediately before the experiment was started. The native dextrose of the medium was not fermented out.
The technic of measurement of the reduction potentials has been similar to that commonly employed with special attention to the purification of the metal used for the electrode. The electrode cell was either a weighing bottle, 4 ×5 cm. in dimensions, or a special vessel of similar size provided with a bottom outlet closed by a stop-cock. This was designed particularly for work to be reported on in a later paper. The mouth of the vessel was closed by a No. 9 rubber stopper, containing one central and eight peripheral perforations. These served for the introduction of (1) a separatory funnel through which solutions could be introduced into the cell, (2) the nitrogen inlet and outlet tubes, (3) the KCl-agar bridge tube, (4) a thermometer, and (5) four gold electrodes. All the glass tubes including that for the salt bridge were provided with stop-cocks which were lubricated with a mixture of paraffin and petrolatum. The agar bridge and the thermometer were sterilized separately and then fitted aseptically to the rest of the apparatus which had been assembled and autoclaved. a LaMer, V. K., and Baker, L. E., J. Am. Chem. Soc., 1922 , xliv, 1954 . 4 Conant, j. B., and Fieser, L. F., J. Biol. Chem., 1924 -25, lxii, 595. s Dixon, M., and Quastel, ~. H., J. Chem. Soc., 1923 , cxxiii, 2943 Kenny, C. L., Dissertation, Columbia University, 1926. LaMer, V. K., Kenny, C. L., and Sherman, H. C, to be published. Clark, W. M., Chem. Rev., 1925 , il, 127. s Conant, J. B., Chem. Rev., 1926 Nitrogen for deaeration was drawn from a commercial cylinder and allowed to pass through copper tubing filled with tightly rolled copper gauze. The only rubber tubing in the system was the short length which connected the copper tubing with the nitrogen inlet of the cell. The exposed surfaces of this rubber tube and of the rubber stopper were shellacked. The copper tubing with enclosed gauze was heated at its middle by an electrical coil or a large Bunsen flmne and was cooled near the electrode cell by a water jacket. The nitrogen inlet tube of the cell was drawn out to a point with an internal diameter of 0.5 ram., and was placed so as to reach almost to the bottom of the cell, so that with the flow of nitrogen a stream of very small bubbles passed through the bouillon and assisted in keeping it agitated. No other stirring device was used, as necessity for it did not appear.
The preparation of the gold which was used as the electrode metal received the most careful attention. It was found early in the investigation that close agreement between different electrodes in the same solution could not be secured with the purest gold commercially obtainable. Consequently gold was purified first in solution and then as metal by cupellation with borax on a graphite cupel, in order to remove as far as possible traces of less noble metals and of silica. The solubility of silica in gold is worthy of remark. The purified gold button was fused to the purest platinum wire which could be obtained; this was sealed into glass tubing. Only those electrodes so prepared were used which were found equipotential when tested in ferri-ferro-cyanide solution and were equlpotential or in very close agreement in bouillon exposed to air. I am indebted to Professor LaMer for this method of testing the electrodes.
A sensitive galvanometer was used as the null-point instrument. The advantage of an electrometer has not been apparent for this particular investigation. It has frequently been found necessary to render electrodes sensitive by slight polarization; any reversible change produced thereby in the system is reversed readily by alteration of polarity, and only such reversible reactions can be regarded as significant in the measurement of potentials. The potentials observed have been referred to the normal hydrogen electrode to give E~h values for pH 7.6 which was maintained in the bouillon throughout the series of experiments.
The reduction potentials of sterile culture bouillon are given in the form of time-potential curves. The initial potentials are variable and are poorly poised; in different experiments they have been found to lie between + 0.250 and + 0.150 volt. Individual electrodes during the first part of the curve may be in disagreement by as much as 50 millivolts, but have often been found to agree within 5 millivolts when the electrode metal has been purified in the manner described. Succeeding the irregular initial potentials is observed a steady negative drift or trend toward a region of greater reduction intensity.
The rate of this drift depends, with other factors, upon the rapidity with which oxygen is swept out of the system. If the exposed surfaces of rubber are shellacked, and if diffusion of oxygen through the cocks in the various tubes of the apparatus is prevented by careful fitting and lubrication, the oxygen is removed at the maximum rate. The potential then falls as shown for typical experiments with two different specimens of bouillon in Fig. 1, and Fro. 1. Time potential curves of two specimens of sterile bouillon. Deaeration was started at the beginning of potential measurements and was continued throughout.
approaches a value between -0.050 and -0.060 volt. This appears to be a limiting value for the majority of lots of bouillon examined, and may be regarded as a characteristic potential for the system. After the technic had been fully developed and proper attention paid to exhaustion of oxygen from the nitrogen and to complete sealing of the apparatus against diffusion of oxygen from the outside, it was possible to duplicate results almost exactly with a given lot of bouillon. The limiting value for the potentials and the time required to reach this have been very nearly the same for specimens of bouillon prepared at different times, when the same perfected technic was employed, although the configuration of the potential curve varies slightly.
Another observation has been made which is of considerable interest and is essentially a confirmation of the findings of Theobald Smith. In the earlier experiments in which exclusion of oxygen from the system was not so complete as in the later ones, the potential did not reach the limiting value after 4 to 6 hours deaeration. If at this time the flow of nitrogen is discontinued and the vessel sealed against the entrance of oxygen by shellacking the rubber surfaces and covering stop-cocks with petrolatum, the potential continues to fall slowly and after 5 days or longer attains the limiting value above noted of -0.060 to -0.050 volt. The conditions are then similar to those studied by Theobald Smith: the oxygen in the bouillon within the closed arm of the fermentation tube becomes exhausted and the indicator dye is reduced. Fig. 2 shows the course of potentials which corresponds to these events, although here no dye was present and a mechanism similar to that suggested by Kendall ~ could not be involved.
If oxygen is admitted into the system after the potenfiaIs have begun to decline from the initial points or have reached the limiting value, the electrodes record an immediate shift to more positive values and may return to those initially observed if the aeration be sufficient. Renewed deaeration, or merely sealing of the apparatus against diffusion where this has occurred leads to a resumption of negative drift, which is at a more rapid rate if deaeration is carried out, and -0.060 volt is observed again as the limiting value of the potential.
DISCUSSION.
It has seemed worth while to consider the mechanism of the reduction processes of sterile bouillon, although the present state of knowledge does not permit much more than a suggestion of possibilities. The occurrence of life processes cannot play a part in the occurrences of the reduction described here. The technic of sterilization was such as to destroy all known forms of life, and cultures at the conclusion of each experiment included in the present consideration appeared sterile.
The combination of molecular oxygen with some constituent of bouillon, first observed by Theobald Smith, 1 recalls the respiratory function de~ribed by Hopkins I° for tissue residue. A small amount of a substance identical with or related to the water-insoluble muscle residue may be present in bouillon, contributing perhaps to its colloidal character. Bouillon contains glutathione extracted from chopped meat, and there may occur an action similar to that which Hopkins has described, but at a slow rate, in which glutathione acts as a catalyst in bringing about oxidation of the muscle residue by molecular oxygen. There is evident in any case the existence in bouillon of some autoxidizable substance the oxidation of which is accompanied by the reduction of electromotively active substances such as glutathione or indicator dye; the latter substances must be regarded as responsible 9 Kendall, E. C., Science, 1928 , Ixvii, 379. 10 Hopkins, F. G., Biochem. J., 1921 for the potentials observed. The autoxidizable substance may undergo irreversible oxidation like many organic compounds, and would therefore be expected to give by itself no measurable oxidation potential.
It is significant that the limiting value of negative potential manifested by sterile bouillon of pH 7.6 should 'be so nearly the same as that observed by Dixon and Quastel ~ in a solution of reduced glutathione and found by Clark 2 to be the equilibrium value in the reduction brought about by boiled yeast cells in the presence of glutathione. Glutathione is apparently an active constituent of bouillon. In this as in the reducing cell suspension studied by Clark, 2 reduction occurs as long as there is present a certain concentration of glutathione in the oxidized form, and does not proceed below the level of potential at which glutathione is completely reduced. The limited data suggest that in the catalytic oxidation of some autoxidizable substance by glutathione, the oxidized form of the latter is active, and the change from the disulfide to the sulfhydryl arrangement is the mechanism for electron transfer. This is only a development of the argument of Hopkins, but it emphasizes the idea that it is the glutathione which is primarily oxidized by molecular oxygen and that activation of the system consists in the formation of the oxidant of the electromotively active substance. This involves the conclusion that both the observed potentials and the oxidation of the autoxidizable substance measure the free energy of reduction of the glutathione or other electromotively active substance and implies that reduction does not proceed to a more negative level because there is no system present which could yield measurable potentials.
The capacity of bouillon to combine with oxygen as shown by the continued fall in potential after partial deaeration is not exhausted by standing for 9 months freely exposed to air in Erlenmeyer flasks, or as in Theobald Smith's experiments after several successive aerations and subsequent reductions of methylene blue. Consideration of other factors than those discussed above may therefore be required in the interpretation of the potentials observed, especially those noted while oxygen is being removed from the system by deaeration. As far as is known there are not present in bouillon electromotively active sub-stances which stand in equilibrium with molecular oxygen according to the equation:
Oxidized form = 02 + reduced form.
Conant 4 found that oxyhemoglobin is not electromotively active; the potentials of the system methemoglobin-hemoglobin are affected by deaeration because of the removal of hemoglobin from participation in the electrochemical equilibrium by its transformation into the inactive oxyhemoglobin. Degradation products of hemoglobin may well be present in bouillon, and may provide a dissociable mechanism through which removal of oxygen affects the potentials.
We may question the existence of a suitable system to record more positive potentials than those observed, for although the addition of H202 in suitable amount raises the potential to a value exceeding +0.400 volt, there may be introduced thereby a new electromotively active system.
Since the removal of oxygen by deaeration or by combination with some constituent of the medium discloses a reduction intensity in bouillon corresponding to -0.060 volt, it is probable that any other process by which oxygen is withdrawn as reagent would result, in the absence of added factors of oxidation or reduction, in the attainment of the same potential level. Active bacterial respiration is such a process for the withdrawal of oxygen. But since sterile bouillon may attain the potential level indicated, the development of this degree of reduction intensity in bacterial cultures cannot be attributed to reductive processes directly dependent upon the activity of living cells. The potentials attained during growth of B. typhosus in sugarfree bouillon and their interpretation in the light of this conclusion will form the subject of a second paper.
The time potential curves of sterile bouillon, which show the course of potentials during deaeration with nitrogen are very similar to those obtained t~y Kenny 6 in a study of the oxidation-reduction equilibrium of tomato and cabbage juice. The equilibrium value of tomato juice calculated for pH 7.6 corresponds closely with that observed for bouillon. It is probable therefore that the potential relations described for bouillon are not peculiar to that system, but involve factors which are concerned in the behavior of biological solutions in general.
